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• Understand the fundamental dynamics of color 
propagation and neutralization (in the vacuum) 

➡ Characteristic times 

➡ Hadronization mechanisms (mesons, baryons) 

• Understand parton-level interactions with nuclear medium 

➡ Transport coefficients:  

➡ q̂ (pT broadening) 

➡ ê (longitudinal energy loss) 

➡ Polarization (future)

Overarching Goals



FUNDAMENTAL QCD PROCESSES

Gluon bremsstrahlung
in vacuum and in medium
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Partonic elastic scattering
in medium

Color neutralization

Hadron formation



Brief Introduction

Physical picture for semi-inclusive DIS on nuclei for x>0.1:  

• Struck valence quark absorbs full E and p⃗ of virtual 
photon, separates from nucleon remnant 

• Colored quarks propagate, emitting ‘vacuum’ gluons and 
medium-stimulated gluons. ‘String breaking, qq̅ pair 
production.’  ‘Parton showers.’ Medium: broadening of 
pT, partonic energy loss.  

• Color singlet pre-hadrons form at various times. Medium: 
elastic and inelastic interactions of (pre-)hadron.

Let’s test this picture and measure its parameters!



Production length extraction: 
results of feasibility study

Jorge López, Rodrigo Mendez, 
Hayk Hakobyan, WB

Initial model concept: 
B. Kopeliovich, A. Accardi
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• Hadronic multiplicity ratio

• From ν and z we learn about time dependence of hadronization 
mechanisms. However, detailed mechanism is debated.
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Tools
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Fig. 1. Dependence of Rh
A on ν for positively and negatively charged hadrons for three slices in z as indicated in the legend.

The inner and outer error bars indicate the statistical and total uncertainties, respectively. For the latter the statistical and
systematic bin-to-bin uncertainties were added in quadrature. In addition, scale uncertainties of 3%, 5%, 4%, and 10% are to
be considered for pions, kaons, protons and antiprotons, respectively.

transferred to the hadron in the photon-nucleon centre-
of-mass system to its maximum possible value. Together,
the constraints on z and xF reduce contributions from the
target fragmentation region.

From the data, the hadron multiplicity ratios Rh
A were

determined for each hadron type and target. Radiative
corrections were applied following the scheme described
in refs. [7,40–43], using average values of ν and Q2 for
each kinematic bin in the analysis. The corrections re-
main below 7% in all bins. Acceptance effects were stud-
ied in Monte Carlo simulations using an experimentally
motivated parametrisation of Rh

A. They were found to be
small compared to other uncertainties in all but the low-
est bin in ν. The differences between the parametrised and
reconstructed values were used to estimate the systematic
uncertainty due to the restricted acceptance for each ha-
dron type.

Uncertainties in the knowledge of radiative processes
(up to 2%) and half of the observed maximal differences
between results for Rh

A from different data-taking periods
were taken together as overall scale uncertainties1. The to-

1 In order to reduce effects from statistical fluctuations larger
ranges of acceptance were integrated for these studies. How-
ever, it was verified that those effects were not generated in
certain kinematic ranges only.

tal scale uncertainties are 3%, 5%, 4%, and 10% for pions,
kaons, protons and antiprotons, respectively.

The uncertainties due to the hadron identification were
estimated to be up to 0.5% for charged pions, up to 1.5%
for kaons and protons, and up to 4% for antiprotons.
Those due to acceptance effects were 6% for pions, 3%
for kaons, and 7% for protons and antiprotons in the first
ν bin, and less than 2% for any hadron in any other bin.
Effects due to the contamination from diffractive ρ0 me-
son production were estimated to be at most 4 and 7%
for positive and negative pions, respectively. (For details
see ref. [7].) These uncertainties were added in quadra-
ture separately for each data point to yield systematic
bin-to-bin uncertainties. Those were subsequently added
in quadrature to the statistical uncertainties and plotted
as total uncertainties.

3 Results and discussion
The results for the multiplicity ratio Rh

A are presented us-
ing a fine binning in one of the variables, a coarser binning
(called slice) in a second variable, and integrating over the
remaining variables within the acceptance of the experi-
ment. The following slices were used: 4–12, 12–17, and
17–23.5GeV for ν; 0.2–0.4, 0.4–0.7, and > 0.7 for z; and
≤ 0.4, 0.4–0.7, and > 0.7GeV2 in the case of p2

t . The de-
pendence on Q2 was investigated, but as it turned out to
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Fig. 1. Dependence of Rh
A on ν for positively and negatively charged hadrons for three slices in z as indicated in the legend.

The inner and outer error bars indicate the statistical and total uncertainties, respectively. For the latter the statistical and
systematic bin-to-bin uncertainties were added in quadrature. In addition, scale uncertainties of 3%, 5%, 4%, and 10% are to
be considered for pions, kaons, protons and antiprotons, respectively.

transferred to the hadron in the photon-nucleon centre-
of-mass system to its maximum possible value. Together,
the constraints on z and xF reduce contributions from the
target fragmentation region.

From the data, the hadron multiplicity ratios Rh
A were

determined for each hadron type and target. Radiative
corrections were applied following the scheme described
in refs. [7,40–43], using average values of ν and Q2 for
each kinematic bin in the analysis. The corrections re-
main below 7% in all bins. Acceptance effects were stud-
ied in Monte Carlo simulations using an experimentally
motivated parametrisation of Rh

A. They were found to be
small compared to other uncertainties in all but the low-
est bin in ν. The differences between the parametrised and
reconstructed values were used to estimate the systematic
uncertainty due to the restricted acceptance for each ha-
dron type.

Uncertainties in the knowledge of radiative processes
(up to 2%) and half of the observed maximal differences
between results for Rh

A from different data-taking periods
were taken together as overall scale uncertainties1. The to-

1 In order to reduce effects from statistical fluctuations larger
ranges of acceptance were integrated for these studies. How-
ever, it was verified that those effects were not generated in
certain kinematic ranges only.

tal scale uncertainties are 3%, 5%, 4%, and 10% for pions,
kaons, protons and antiprotons, respectively.

The uncertainties due to the hadron identification were
estimated to be up to 0.5% for charged pions, up to 1.5%
for kaons and protons, and up to 4% for antiprotons.
Those due to acceptance effects were 6% for pions, 3%
for kaons, and 7% for protons and antiprotons in the first
ν bin, and less than 2% for any hadron in any other bin.
Effects due to the contamination from diffractive ρ0 me-
son production were estimated to be at most 4 and 7%
for positive and negative pions, respectively. (For details
see ref. [7].) These uncertainties were added in quadra-
ture separately for each data point to yield systematic
bin-to-bin uncertainties. Those were subsequently added
in quadrature to the statistical uncertainties and plotted
as total uncertainties.

3 Results and discussion
The results for the multiplicity ratio Rh

A are presented us-
ing a fine binning in one of the variables, a coarser binning
(called slice) in a second variable, and integrating over the
remaining variables within the acceptance of the experi-
ment. The following slices were used: 4–12, 12–17, and
17–23.5GeV for ν; 0.2–0.4, 0.4–0.7, and > 0.7 for z; and
≤ 0.4, 0.4–0.7, and > 0.7GeV2 in the case of p2

t . The de-
pendence on Q2 was investigated, but as it turned out to

HERMES Coll., Eur. Phys. J. A (2011) 47: 113 z⇡ ⌘ E⇡

⌫



Virtual light quark lifetime 
from the Lund String model:
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FIG. 1: The pt-broadening for π+, π−, and K+ mesons as
a function of atomic mass number A. The inner error bars
represent the statistical uncertainties; the total bars repre-
sent the total uncertainty, obtained by adding statistical and
systematic uncertainties in quadrature.

pt-broadening at large atomic mass numbers, support-
ing models which treat its origin in the partonic stage.
Within such models, this behavior suggests that the color
neutralization happens near the surface of the nucleus or
outside for the average kinematics of this measurement
[22].

The panels presented in Fig. 2 show ⟨p2
t ⟩ for D (top

row) and the pt-broadening (remaining rows) as a func-
tion of either ν, Q2, x, and z for π+ or π− for the various
nuclear targets. Since the uncertainties of the K+ sam-
ple are rather large, only the results for the Xe target
are presented in the bottom row. The values of ⟨p2

t ⟩ for
D are between 0.2 and 0.4 GeV2 while the pt-broadening
shows values from 0 up to 0.05 GeV2. This means that
pt-broadening adds between 0 to 10% to ⟨p2

t ⟩. The data
do not reveal a significant dependence on ν in the kine-
matic range covered.

Since models that describe hadron formation in nuclei
commonly connect formation length with ν, the basically
flat behavior in ν supports again the picture that color
neutralization mainly happens at the surface (or outside)
of the nucleus for the Hermes kinematics [22]. The effect
slightly increases with Q2 in contrast to the model cal-
culation in Ref. [23], where a decrease of the broadening
with Q2 is predicted, and in agreement with the model
calculation in Ref. [24]. The behavior as a function of x
is very similar to the Q2 behavior, due to a strong cor-
relation between x and Q2 in the Hermes kinematics,
hence it can not be excluded that the Q2 dependence ob-
served is actually an underlying x dependen ce or both
a Q2 and x dependence. The statistical precision of the

⟨ν⟩[GeV] ⟨Q2⟩[GeV2] ⟨x⟩ ⟨z⟩

∆⟨p2
t ⟩ vs. A

He 13.7 2.4 0.101 0.42
Ne 13.8 2.4 0.101 0.42
Kr 14.0 2.4 0.100 0.41
Xe 14.0 2.4 0.099 0.41

∆⟨p2
t ⟩ vs. ν

ν-bin# 1 8.0 2.1 0.141 0.49
ν-bin# 2 11.9 2.5 0.111 0.43
ν-bin# 3 14.7 2.6 0.096 0.40
ν-bin# 4 18.5 2.4 0.073 0.37

∆⟨p2
t ⟩ vs. Q2

Q2-bin# 1 13.7 1.4 0.063 0.42
Q2-bin# 2 14.0 2.5 0.105 0.41
Q2-bin# 3 14.4 3.9 0.153 0.40
Q2-bin# 4 14.6 6.5 0.248 0.39

∆⟨p2
t ⟩ vs. x

x-bin# 1 15.2 1.6 0.059 0.40
x-bin# 2 12.3 3.0 0.131 0.42
x-bin# 3 11.5 5.5 0.254 0.42
x-bin# 4 10.1 8.1 0.422 0.41

∆⟨p2
t ⟩ vs. z

z-bin# 1 14.5 2.4 0.097 0.32
z-bin# 2 13.1 2.4 0.106 0.53
z-bin# 3 12.4 2.4 0.107 0.75
z-bin# 4 10.8 2.3 0.115 0.94

TABLE II: Average kinematics for the (π+) pt-broadening
results. The ν, Q2, and z kinematics are for the Xe target.

data presented here do not allow the study of the Q2

and x dependence separately, or any other two kinematic
observables.

The pt-broadening is seen to vanish as z approaches
unity while the ⟨p2

t ⟩ for D is 0.2 or higher in the high-
est z-bin. Due to energy conservation the struck quark
cannot have lost energy when z = 1, leaving no room
for broadening apart from a possible modification of the
primordial quark transverse momentum. The observed
vanishing of the ∆⟨p2

t ⟩
h
A at high values of z indicates that

there is no or little dependence of the primordial trans-
verse momentum on the size of the nucleus. It also indi-
cates that pt-broadening is not due to elastic scattering
of pre-hadrons or hadrons already produced within the
nuclear volume, as this would lead to substantial broad-
ening even for values of z very close to unity.

In summary, the first direct determination of pt-
broadening in semi-inclusive deep-inelastic scattering for
charged pions and positively-charged kaons was per-
formed on He, Ne, Kr, and Xe targets. The broadening
was measured as a function of the atomic number A and
the kinematic variables ν, Q2, x or z. The broadening
increases with A and remains constant with ν, suggest-
ing that the effect is due to the “partonic” stage and that
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FIG. 2: From left to right, the ν, Q2, x, and z dependence of ⟨p2
t ⟩ for D (top row) and pt-broadening (remaining rows) for

π+ and π− produced on He, Ne, Kr, and Xe targets and for K+ produced on a Xe target (bottom row). The inner error bars
represent the statistical uncertainties; the total error bars represent the total uncertainty, evaluated as the sum in quadrature
of statistical and systematic uncertainties.

Hermes pT 
broadening data

World’s first comparison between 
pion and K+ pT broadening



pT broadening data - Drell-Yan and DIS

• New, precise data with identified hadrons! 
• CLAS π+: 81 four-dimensional bins in Q2, ν, zh, and A

E906 DY analysis 
underway!
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K. Gallmeister, U. Mosel  
Nucl. Phys. A801:68-79, 2008 
http://arxiv.org/abs/nucl-th/0701064v4

2008 prediction for CLAS6. 
Cross section depends 
linearly on time:
σ∗(t)/σ = X0 + (1 − X0) ·

(

t − tP
tF − tP

)

, X0 = rlead

const

Q2
, (3)

with rlead standing for the ratios of leading partons over the total number of
partons (2 for mesons, 3 for baryons). The baseline value X0 is inspired by the
coefficient ⟨n2k2

T ⟩/Q2 in (5). Our scaling with rlead guarantees that summing
over all particles in an event, on average the prefactor becomes unity. The
numerical value of the constant in the numerator of X0 is chosen to be 1 GeV2

for simplicity, close to the value used in (5). This value is also constrained by
the considered Q2 range such that the pedestal value X0 ≤ 1 is fulfilled. In
all four scenarios the (pre–)hadronic cross section is zero before tP and equals
the full hadronic cross section after tF . The most essential feature of color
transparency – larger hadrons (smaller Q2) get attenuated more than smaller
ones – is thus included in all four scenarios. Until the hadron reaches its
physical groundstate the actual cross section will oscillate around an average
as pointed out by Kopeliovich et al. (14).

It is worthwhile to reemphasize the differences of the cross section evolutions
of leading and non–leading particles in the last model: leading particles start
to interact with a non vanishing (i.e. a pedestal) cross section at the hard
interaction time; they ’remember’ the Q2 of the incoming photon. Non leading
particles are entirely generated by soft string breaks, they are detached from
the hard interaction point and have no memory of the original hard interaction
process. They, therefore, start to interact at later times with zero cross section.
In both cases, the cross section increases with time. These features reflect color
transparency.

In contrast to other descriptions of the attenuation of jets in photonuclear
reactions (1; 12; 15) our method describes the whole kinematical range of final
particles and is thus not restricted to leading hadrons or very high energies
only.

3 Results

In all the following discussions we express the modification of the spectra by
the medium via the usual nuclear modification ratio

Rh
M(ν, Q2, zh, p

2
T , . . .) =

[Nh(ν, Q2, zh, p2
T , . . .)/Ne(ν, Q2)]A

[Nh(ν, Q2, zh, p2
T , . . .)/Ne(ν, Q2)]D

, (4)

where all the hadronic spectra on the nucleus (“A”) as also on deuterium
(“D”) are normalized to the corresponding number of scattered electrons. As
indicated, the nuclear modification ratio can be displayed as function of many
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Assuming a constant cross section (leftmost panel in fig. 1), we obtain a good
description of the HERMES results, while the attenuation for the EMC ex-
periment is much too strong (cf. (10)). Assuming a linear time dependence,
both the HERMES and EMC attenuation are well described 1 . Going even
further and assuming a quadratic time dependence (rightmost panel in fig. 1),
the theoretical attenuation is too weak both for the HERMES and for the
EMC experiment, with the discrepancy between theoretical and experimental
results being significant for the HERMES experiment. Only the theoretical
scenario with a cross section evolving linearly in time (middle panel in fig. 1)
is able to describe both data sets at the same time.

In order to understand these findings, we show in fig. 2(a) the averaged pro-
duction ⟨tP ⟩ and formation times ⟨tF ⟩ in the target rest frame for the two ex-
perimental setups of HERMES@27GeV and EMC@100GeV as results of our
MC calculation. In fig. 2(b) we sketch the different evolution scenarios for some
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Fig. 2. Left: averaged production times ⟨tP ⟩ and formation times ⟨tF ⟩ in the target
rest frame for EMC@100GeVand for HERMES@27GeVas a function of zh (11),
averaged over leading (tP = 0) and non–leading (tP > 0) hadrons. The lowest
curves give the production times whereas the two upper curves give the formation
times for the beam energies indicated. Values of zh > 1 can arise for baryon jets.
Right: sketch of the evolution of the (scaled) cross section as function of distance
from the interaction point according to scenarios eqs.(1) and (2) (with n = 1, 2):
constant, linear, quadratic increase. The solid lines give the time–development for
the HERMES energy regime, while the dashed lines show that for the EMC regime.

arbitrary chosen values of production and formation times and compare these
with a typical nuclear distance of ≃ 7 fm. One sees clearly the different effects
that the two scenarios (linear and quadratic rise of cross-sections) have in the
two different kinematical regimes. For example, the quadratic scenario leads
to nearly zero interaction within the first 7 fm for the EMC energy because at
this higher energy the hadron has left the nucleus before the cross section has

1 Fig.3 in (17) also contains data points leading to Rh(zh = 0.9) = 0.83, which fits
very well into the calculated energy-band. This point is not contained in the other
figures in that paper and is, therefore, not shown in our fig. 1.

7

Production time = 0.5 fm/c

http://arxiv.org/abs/nucl-th/0701064v4


Comparisons to preliminary CLAS data (PhD theses, 1-D only)

Hayk Hakobyan (thesis)

Raphaël Dupré thesis

Taisiya Mineeva thesis

CLAS Preliminary
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Figure 3: Left panel shows the CLAS data from the EG2 experiment for the hadronic
multiplicity ratio for K0

s versus z along with HERMES results [6] for charged kaons for
the Xe nuclei. Right panel shows the CLAS results along with the results derived from
calculations of Ref. [7] for Pb (solid line), Fe (dashed line) and C (dotted line). Data
points are shown with different symbols as given in the legend. The inner error bars
represent the statistical uncertainty, while the outer ones show the total uncertainty. For
clarity, the HERMES points are shifted by +0.02 units in z and the C and Pb points are
shifted by -0.01 and +0.01 units in z, respectively.

trend of the CLAS K0
s hadronization data is similar to that of the HERMES

results, where more attenuation is seen as z increases, with larger attenuation
factors for the heaviest target. The present uncertainties are large due to the
limited statistics, however the data agree reasonably well with predictions [7]
as shown in right panel of Fig. 3.

The theoretical calculations shown in Fig. 3 and presented in Ref. [7]
are carried out in the framework of a probabilistic coupled-channel transport
model based on the Boltzmann-Uehling-Uhlenbeck equation, which allows
for detailed treatment of the final-state interactions beyond simple absorp-
tion mechanisms. It starts with the Lund string fragmentation picture as
embodied by PYTHIA [17] and extracts two points for each event: (i) the
location in space where the struck quark breaks the string, and (ii) the loca-
tion where the quark joins with an antiquark to form a meson. This is done
event-by-event, in the context of a Monte Carlo calculation. Medium effects
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-0.01 and +0.01 units in p2

T
, respectively.

MES [5, 6]. This is known as the Cronin effect [20], in which rescattering of
either the parton or the hadron, as well as hadronic final state interactions,
pushes events up to larger p2T . These effects occur preferentially in nuclear
targets. The HERMES data for pions [6, 12] shows that the Cronin effect
diminishes for high-z events, which is consistent with predictions from parton
rescattering [8]. The question whether this also happens for K0

s hadroniza-
tion must await better statistics, which will be available after the CLAS
detector is upgraded in a few years for 12 GeV beam energies.

In summary, we have extracted for the first time the multiplicity ratios
for K0

s using semi-inclusive deep inelastic scattering with detection of the
K0

s using the CLAS detector with a 5.014 GeV electron beam incident on
both deuterium and nuclear targets. Many systematic effects cancel in the
ratio Rh

A, in part because both deuterium and nuclear targets were exposed
to beam simultaneously and were separated by only a few centimeters at the

11

A. Daniel, K. Hicks et al. 
PLB 706 (2011) 26-31. 

CLAS K0 multiplicity 
ratio and Mosel model



Geometric model to extract dynamical parameters

Often data are directly confronted with theory calculations:

Data Theory
Compare

Sometimes there is an intermediate step, when a reliable 
procedure extracts essential information from data:

Data Theory
Extract parameters Dynamical 

Parameters
Compare

In the following we explore such a procedure



Model description I

• Propagating quark causes pT broadening of hadron 

• Propagating quark loses energy by gluon emission, 
resulting in a reduction of hadron z values - z-shift 

• Propagating (pre-)hadron “disappears” when it 
undergoes an inelastic interaction with cross section σ 

• Implemented as a Monte Carlo calculation 

• Realistic nuclear density



Model description II

Model implemented with 3, 4 or 5 parameters: 

1. q-hat parameter (transport coefficient) that sets the 
scale of pT broadening 

2. Production length Lp: distance over which pT 
broadening and energy loss occur. Assumed 
exponential form 

3. Cross section for prehadron to interact with nucleus. 

4. Shift in z caused by quark energy loss in medium 
5. Average distance between scatterings or “mean free path” l0 

(alternative form of pT broadening, proportional to Lp*log2(Lp/l0)



Model description III

Lp is distributed as exponential 
x0,y0,z0 thrown uniformly in sphere, weighted by ρ(x,y,z) 
L*p = Lp except where truncated by integration sphere

The above are computed sequentially (same x0,y0,z0,Lp) 
Data in (x,Q2,z) bin: fitted to model, 3(+) parameters: q̂0,<Lp>,σ 
No kinematics/dynamics are assumed; they emerge from fit 

Approximate systematic errors: 3% for multiplicity ratio, 4% for pT broadening

L*p

zmax

h�p

2
T

i = h q̂0 · L⇤
p

Z
z=z0+L

⇤
p

z=z0

⇢(x0, y0, z) dz i
x0,y0,z0,Lp

hR
M

i = h exp(��

Z
z=z

max

z=z0+L

p

⇢(x0, y0, z) dz ) i
x0,y0,z0,Lp
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Model with 3 parameters 
describes data in range 
0.2<z<0.9 rather well. 

Suggests that its validity can 
extend beyond the struck 

quark to include secondary 
quarks.
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Simultaneous fit to model

Preliminary CLAS data 
Simultaneous fit to model

04 1.25 0.145 0.45 2.23297 1.79603 20.0934 0 0 0.737494 0.415131 3.17692 0 0 1.48512 

<x>=0.166, <Q2>=1.17 GeV2, (<ν>=3.76 GeV), <z>=0.445 
Lp=1.8±0.4 fm
χ2/dof = 0.5

A1/3 A1/3

Simultaneous fit couples pT broadening to multiplicity ratio
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Prehadron cross section vs. z

•Less than πN cross section except at high z - good! 
•Reduction at low z is artificial: caused by bin 
migration of inelastic interaction products in the 
multiplicity ratio, which is >1.
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q̂0 vs. Lp and z from model fit
57 bins in Q2, ν, z
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Z dependence is 
reminiscent of Lund String 

Model function for 
production length

Requirements for 
these plots: q̂0<1 and 

production length 
error < 50%

q̂0 (GeV2/fm) vs. 
production length (fm)

q̂0 (GeV2/fm) vs. z



Time dilation test

• Gluon emission is fundamentally a time-based process 
(nuclear effects decrease at high energies) 

• A strong validation of this model would be the 
observation of time dilation of 𝜏p ≡ Lp/c

𝜏p = 𝛾∙𝜏0 = (E/m)∙𝜏0 = (𝜈/Q)∙𝜏0 

The above hypothesis comes from (1) single photon 
exchange approximation, (2) the quark absorbs all the 
energy and momentum of the virtual photon, and (3) the 
identification of Q ≡ (Q2)0.5 with quark mass (virtuality).

➨ fit Lp/(𝜈/Q) to a constant (𝜏0): good fit? reasonable values? 

𝛾 varies from 1.9 to 3.5 for these data; almost a factor of 3
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Production length extraction

Extracted value of the lab-frame production length gives 
<Lp>=0.65±0.02*(𝜈/Q) fm

Chisquared/dof=1.1, 3 parameter model, in 88 Q2,x,z bins 
0.2<z<0.9



Additional Q2 dependence

Expect some Q2 dependence of the production length 
Lp in addition to the 𝛾 factor (dynamics vs. 

kinematics). Also observe a small ν dependence.



After removing all three factors

Distribution is flat by definition after dividing out 𝛾 factor, 
Q2 dependence f(Q2), and ν dependence g(ν).



Production length vs. 𝛾 explicitly shows time dilation!

This is a strong validation of the physical picture!



😊

😕

Lund String Model form

4th order polynomial

lp = z
(ln( 1

z2 )� 1 + z2)

1� z2

String model form under-
predicts Lp at high z.

Data prefer a more 
symmetric shape. Trend to 
zero at z=1, as required by 

energy conservation, comes 
naturally out of the fit.

Dependence of Lp on z

Note, this is the full range in z, not 0.2<z<0.9



NEW - preliminary model fits to HERMES data

first fits, by Jorge López (USM)

<x>=0.097 
<Q2>=2.4 GeV2 

<ν>=14.5 GeV 
<z>=0.32 

Lp~10±5 fm
χ2/dof = 1.3

<x>=0.106 
<Q2>=2.4 GeV2 

<ν>=13.1 GeV 
<z>=0.53 
Lp~7±3 fm
χ2/dof = 1.3



Conclusions

Feasibility study for production length extraction 

➡ Excellent description of CLAS data: average of 𝜒2/dof<1 
for 107 3-D bins in Q2, 𝜈, z with only 3 fit parameters 

➡ Wide range of z, 0.2<z<0.9: validity beyond struck quark 

➡ Consistent with time dilation, validating physical picture 

➡ Able to quantitatively compare z dependence with Lund 
String Model, and find a qualitatively different result 

➡ Exploratory: <Lp>=0.65±0.02*(𝜈/Q) fm, average 1.7 fm 

➡ First look at applying this model to HERMES data



Additional slides
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Exploring a direct measurement 
of quark energy loss

Miguel Arratia, Cristian Peña, 
Hayk Hakobyan, Sebastian Tapia, 

Oscar Aravena, WB

36



How to directly measure quark energy loss?

• Energy loss is predicted on very solid grounds to be 
independent of energy for a medium that is thin enough. 

• “Thin enough” depends on energy, see earlier slide; if 
medium is thicker than “thin enough” it still loses energy

• If the energy loss is independent of energy, it will produce a 
shift of the energy spectrum, for higher energies.

• We can look for a shift of the Pb energy spectrum compared 
to that of the deuterium energy spectrum

shift

Pion energy
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Figure 2: The pion energy spectra for deuterium superimposed on the pion energy spec-
trum from heavy nuclei (C in top panel, Fe in middle panel, and Pb in bottom panel)
which has been shifted horizontally along the axis to simulate an average energy loss. The
data are normalized to unity for comparison. Error bar represents statistical error only.
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Figure 2: The pion energy spectra for deuterium superimposed on the pion energy spec-
trum from heavy nuclei (C in top panel, Fe in middle panel, and Pb in bottom panel)
which has been shifted horizontally along the axis to simulate an average energy loss. The
data are normalized to unity for comparison. Error bar represents statistical error only.
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Figure 2: The pion energy spectra for deuterium superimposed on the pion energy spec-
trum from heavy nuclei (C in top panel, Fe in middle panel, and Pb in bottom panel)
which has been shifted horizontally along the axis to simulate an average energy loss. The
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5Energy spectrum of π+ produced 
in C,  Fe, Pb compared to that of 
deuterium, normalized to unity, 

with energy shifted by ΔE.
Acceptance corrected

Cut on XF >0.1 is applied
Consistent with simple energy 

shift + unchanged fragmentation

Carbon, ΔE=15 MeV

Iron, ΔE=40 MeV

Lead, ΔE=50 MeV



. The data is also selected in ⌫ intervals, from 2.4 to 4.2 GeV in 0.2 GeV47

steps. The motivations for this is that (insert motivation!). The energy48

interval for the comparison is restricted to E < 2.5 GeV, to avoid (insert49

motivation!).50

4. Corrections51

(space for description of acceptance, and radiation corrections).52

5. Results53

. The negative logarithm of the p-values obtained from the K-S test are54

presented as a function of�E in Figure 1. This correspond to the the interval55

3.8 < ⌫ < 4 GeV. Data for the three heavy nuclei studied are presented as56

well as a constant line representing the value p = 0.05. The majority of57

the �E values yield a p value smaller than 0.05 (larger -log(p)), and thus58

are rejected at 95% confidence level. All three curves have a well defined59

minimum which is taken as the nominal energy loss. These minimums are60

observed to be ordered, it takes the lowest value for Carbon data and the61

largest value for the Lead data. The shape of these curves is also driven by62

the statistics of the sample, which is the smallest for the Lead data.
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Figure 1: Logarithm of p-values of Kolmogorov-Smirnov test as a function of energy shift
�E, for three heavy nuclei data. The null hypothesis is that the energy spectrum of
deuterium data and the shifted energy spectrum of heavy nuclei are the same. The black
dashed line corresponds to a p-value = 0.05 (95 percent confidence level).

63

3

Log of p-values of Kolmogorov-Smirnov test as a 
function of energy shift ΔE: carbon, iron, lead. 

Dashed line corresponds to 95% confidence level



Table 1: Range of possible energy-loss (in MeV) obtained by Kolmogorov-Smirnov com-
patibility test between deuterium spectrum and shifted heavy nuclei spsctrum. The results
are presented in ⌫ intervals and di↵erent nuclei. In some cases no allowed range is found.

⌫/GeV Carbon Iron Lead
2.4–2.6 — — —
2.6–2.8 — — —
2.8–3.0 — — —
3.0–3.2 — — —
3.2–3.4 20–35 — 75
3.4–3.6 10–25 50 70–85
3.6–3.8 10–25 55 50–70
3.8–4.0 5–25 40 45–65
4.0–4.2 5–10 35-40 50–65
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Figure 4: Energy loss as a function of ⌫. Error bands cover the range of possible values
of energy loss obtained with the Kolmogorov-Smirnov compatibility test described in the
text.

. The ⌫-dependent results are averaged and presented as a function of the82

average nuclear density for the three heavy nuclei data in Figure 5. This83

average nuclear density was calculated according to []. A roughly linear84

dependence is observed, and a linear fit is superimposed.85

6. Systematic uncertainties86

(under construction).87

7

CLAS

Range of possible energy shift in MeV obtained by Kolmogorov-Smirnov test in ν intervals
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Figure 5: ⌫-averaged energy loss as a average nuclear density. The result of a linear fit is
superimposed. Error bar represents statistical error only.

. The low end of the energy spectrum is a↵ected by the x
F

requirement. The88

sensitivity of the analysis results to this requirement is gauged by varying x

F

89

to 0.2 and 0.3.90

7. Conclusions91

The proposed method to search for evidence of energy loss in the pion92

energy spectrum o↵ nuclei gives positive results. The Kolmogorov-Smirnov93

test of compatibility show that the shape of deuterium spectrum is compati-94

ble with heavy nuclei spectrum is the latter is shifted by a constant amount.95

This shift is attributed to energy loss and it is around 20 MeV for the carbon96

data, 45 MeV for the iron data, and 60 for the lead data. Higher values97

of energy loss are rejected at 95 percent confidence level. As expected, the98

measured energy loss is larger for the heavier nuclei. The energy loss is ob-99

served to depend roughly linearly on the average nuclear density. A weak ⌫100

dependence is observed.101

Appendix A. Results for all ⌫ intervals102

. The results for the ⌫ intervals that allow at least one value of �E are103

presented in Figure ??.104

8

CLAS

Approximately proportional to density, as expected.
(fixed pathlength)

Supports the premise that what we measure is ~energy loss!

With 
20 MeV Coulomb 

correction



NEW THEORY DEVELOPMENT

• T. Liou, A.H. Mueller, B. Wu: Nuclear Physics A 916 (2013) 
102–125, arXiv:1304.7677

• Old: multiple scattering → gluon emission, = energy loss

42

→ predicts a non-linear relationship between pT broadening and L.

• New: this energy loss creates more pT broadening

�p2T =
↵sNc

8⇡
q̂ L ln2L

2

l20
+ ....

�dE

dx

=
↵sNc

4
�p

2
T / q̂ L



meson cτ mass flavor 
content

π0 25 nm 0.13 ud

π+, π- 7.8 m 0.14 ud

η 170 pm 0.55 uds

ω 23 fm 0.78 uds

η’ 0.98 pm 0.96 uds

φ 44 fm 1 uds

f1 8 fm 1.3 uds

K0 27 mm 0.5 ds

K+, K- 3.7 m 0.49 us

baryon cτ mass flavor 
content

p stable 0.94 ud

p ̄ stable 0.94 ud

Λ 79 mm 1.1 uds

Λ(1520) 13 fm 1.5 uds

Σ+ 24 mm 1.2 us

Σ- 44 mm 1.2 ds

Σ0 22 pm 1.2 uds

Ξ0 87 mm 1.3 us

Ξ- 49 mm 1.3 ds

DIS channels: stable hadrons, accessible with 11 GeV
JLab future experiment PR12-06-117

Actively underway with existing 5 GeV data
HERMES



ADDITIONAL IMPORTANT STUDIES: DIS

• Jets 

• Di-hadron attenuation (hadronization mechanisms)

• Photon-hadron correlations

• Bose-Einstein correlations

• Correlated low-energy particles

• Target fragmentation, and target-current correlations

• Single and double spin asymmetries in meson production from 
nuclei

• Color transparency
44

Proton minus 
one quark



Model description IV:  
4-parameter and 5-parameter versions

5-parameter: change pT broadening expression from 

4-parameter: add z shift Δz due to partonic energy loss to 
multiplicity ratio fit. 

h�p2T iL = q̂0 · L

to

h�p2T iL = q̂0 · L · ln2(
L2

l20
)

which contains mean free path parameter l0



Has z cut and eliminates ultra-high q-
hat bins. (Assumes same z shift for all 
nuclei, as an approximation.) Order of 
magnitude of the mean value agrees 
with direct measurement of energy loss, 
but uncertainties are large.

Parameters from 4-parameter and 5-parameter model fits

Mean free path parameter from 5-
parameter model vs. its fit error, for 
fit errors < 10 fm; 128 bins. 

Quark energy loss from 
model, based on z-shift,  

~13 MeV

Energy loss (GeV)

Mean free path 
parameter from fit, 

~0-2 fm

Mean free path fit error (fm)

M
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PT BROADENING FROM HERMES

47
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FIG. 2: From left to right, the ν, Q2, x, and z dependence of ⟨p2
t ⟩ for D (top row) and pt-broadening (remaining rows) for

π+ and π− produced on He, Ne, Kr, and Xe targets and for K+ produced on a Xe target (bottom row). The inner error bars
represent the statistical uncertainties; the total error bars represent the total uncertainty, evaluated as the sum in quadrature
of statistical and systematic uncertainties.
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sent the total uncertainty, obtained by adding statistical and
systematic uncertainties in quadrature.

pt-broadening at large atomic mass numbers, support-
ing models which treat its origin in the partonic stage.
Within such models, this behavior suggests that the color
neutralization happens near the surface of the nucleus or
outside for the average kinematics of this measurement
[22].

The panels presented in Fig. 2 show ⟨p2
t ⟩ for D (top

row) and the pt-broadening (remaining rows) as a func-
tion of either ν, Q2, x, and z for π+ or π− for the various
nuclear targets. Since the uncertainties of the K+ sam-
ple are rather large, only the results for the Xe target
are presented in the bottom row. The values of ⟨p2

t ⟩ for
D are between 0.2 and 0.4 GeV2 while the pt-broadening
shows values from 0 up to 0.05 GeV2. This means that
pt-broadening adds between 0 to 10% to ⟨p2

t ⟩. The data
do not reveal a significant dependence on ν in the kine-
matic range covered.

Since models that describe hadron formation in nuclei
commonly connect formation length with ν, the basically
flat behavior in ν supports again the picture that color
neutralization mainly happens at the surface (or outside)
of the nucleus for the Hermes kinematics [22]. The effect
slightly increases with Q2 in contrast to the model cal-
culation in Ref. [23], where a decrease of the broadening
with Q2 is predicted, and in agreement with the model
calculation in Ref. [24]. The behavior as a function of x
is very similar to the Q2 behavior, due to a strong cor-
relation between x and Q2 in the Hermes kinematics,
hence it can not be excluded that the Q2 dependence ob-
served is actually an underlying x dependen ce or both
a Q2 and x dependence. The statistical precision of the

⟨ν⟩[GeV] ⟨Q2⟩[GeV2] ⟨x⟩ ⟨z⟩

∆⟨p2
t ⟩ vs. A

He 13.7 2.4 0.101 0.42
Ne 13.8 2.4 0.101 0.42
Kr 14.0 2.4 0.100 0.41
Xe 14.0 2.4 0.099 0.41

∆⟨p2
t ⟩ vs. ν

ν-bin# 1 8.0 2.1 0.141 0.49
ν-bin# 2 11.9 2.5 0.111 0.43
ν-bin# 3 14.7 2.6 0.096 0.40
ν-bin# 4 18.5 2.4 0.073 0.37

∆⟨p2
t ⟩ vs. Q2

Q2-bin# 1 13.7 1.4 0.063 0.42
Q2-bin# 2 14.0 2.5 0.105 0.41
Q2-bin# 3 14.4 3.9 0.153 0.40
Q2-bin# 4 14.6 6.5 0.248 0.39

∆⟨p2
t ⟩ vs. x

x-bin# 1 15.2 1.6 0.059 0.40
x-bin# 2 12.3 3.0 0.131 0.42
x-bin# 3 11.5 5.5 0.254 0.42
x-bin# 4 10.1 8.1 0.422 0.41

∆⟨p2
t ⟩ vs. z

z-bin# 1 14.5 2.4 0.097 0.32
z-bin# 2 13.1 2.4 0.106 0.53
z-bin# 3 12.4 2.4 0.107 0.75
z-bin# 4 10.8 2.3 0.115 0.94

TABLE II: Average kinematics for the (π+) pt-broadening
results. The ν, Q2, and z kinematics are for the Xe target.

data presented here do not allow the study of the Q2

and x dependence separately, or any other two kinematic
observables.

The pt-broadening is seen to vanish as z approaches
unity while the ⟨p2

t ⟩ for D is 0.2 or higher in the high-
est z-bin. Due to energy conservation the struck quark
cannot have lost energy when z = 1, leaving no room
for broadening apart from a possible modification of the
primordial quark transverse momentum. The observed
vanishing of the ∆⟨p2

t ⟩
h
A at high values of z indicates that

there is no or little dependence of the primordial trans-
verse momentum on the size of the nucleus. It also indi-
cates that pt-broadening is not due to elastic scattering
of pre-hadrons or hadrons already produced within the
nuclear volume, as this would lead to substantial broad-
ening even for values of z very close to unity.

In summary, the first direct determination of pt-
broadening in semi-inclusive deep-inelastic scattering for
charged pions and positively-charged kaons was per-
formed on He, Ne, Kr, and Xe targets. The broadening
was measured as a function of the atomic number A and
the kinematic variables ν, Q2, x or z. The broadening
increases with A and remains constant with ν, suggest-
ing that the effect is due to the “partonic” stage and that

A: Averaging over z 
results in reduced 
broadening. CLAS 
results binned in ν, Q2,  
z. (Fermi motion small, 
suppressed by a factor 
of {z·xBj}2). Also, they 
extend well below 
xBj=0.1: qq̅ pairs

Q: Why is CLAS 
broadening larger 
than HERMES 
broadening?



DOUBLE MULTIPLICITY RATIOS

•Choose events with 2 hadrons

•Leading hadron has z1, subleading z2

•Normalize to number of events 
with at least one hadron with z>0.5

48

→ sensitive to hadronization mechanism! 

The positron trigger was formed by a coincidence be-
tween the signals from three scintillator hodoscope planes,
and a lead glass calorimeter where a minimum energy
deposit of 3.5 GeV (1.4 GeV) for unpolarized (polarized)
target runs was required. The scattered positrons were
identified using a transition-radiation detector, a scintilla-
tor preshower counter, and an electromagnetic calorimeter.
Scattered positrons were selected by imposing constraints
on the squared four-momentum of the virtual photon Q2 >
1 GeV2, on the invariant mass of the photon-nucleon sys-
tem W !

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2M!"M2 #Q2

p
> 2 GeV, where M is the

nucleon mass, and on the energy fraction of the virtual
photon y ! !=E< 0:85, where E is the beam energy. The
constraints on W and y are applied to exclude nucleon
resonance excitations and to limit the magnitude of the
radiative corrections, respectively. In addition, the require-
ment !> 7 GeV was imposed to limit the kinematical
correlations between ! and z.

Charged hadrons (i.e., ", K, and p without distinction)
were reconstructed for momenta above 1.4 GeV. The elec-

tromagnetic calorimeter [17] provided neutral pion identi-
fication through the detection of neutral clusters origi-
nating from two-photon decay. Each of the two clusters
was required to have an energy E# $ 0:8 GeV. The "0

mesons were selected by requiring that the reconstructed
invariant mass was within 2 standard deviations of the
center of the "0 mass peak.

The leading hadron was selected with z1 > 0:5. In this
case, it is expected to contain the struck current quark with
high probability. No explicit constraint was applied to z2.
Both z1 and z2 were calculated assuming that all hadrons
have the mass of the pion.

Using the code of Ref. [18], radiative corrections to R2h
were found to be negligible in the whole kinematic range.
This is because there is no elastic or quasielastic tail in
semi-inclusive events, and the inelastic corrections largely
cancel in the measured ratio.

Two methods of double-hadron event selection were
used. Selection I contains only the combinations of hadron
charges (leading-subleading) "" , ## , "0, 0" , #0,
0# , 00. This suppresses the contributions from $0 !
"""# decay because the "# and #" combinations are
missing. Moreover, in the Lund string model, the exclusion
of the opposite-charge combinations enhances the rank-1
(leading) plus rank-3 (subleading) combination [19]. The
higher the particle rank, the more likely it is formed deep
inside the nucleus, and the corresponding hadron absorp-
tion should be larger. Selection II contains all particle
charge combinations. Here, the subleading hadron is
mainly of rank 2 and the contribution from $0 decay is
larger. In both selections I and II the relative yield from
exclusive $0 production in Nz1>0:5 is small and was evalu-
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FIG. 1. The ratio R2h as a function of z2 for 14N (squares), Kr
(circles), and Xe (triangles) with z1 > 0:5. Only selection I was
considered. The systematical uncertainty is 2% for all the targets
and is independent of z2. In the upper panel, the curves (solid for
14N, dashed for Kr, dotted for Xe) are calculated within a BUU
transport model [10]. In the bottom panel, the same data are
shown with calculations that assume only absorption for the
three nuclei (same line types as in the upper plot) [10].
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FIG. 2. The ratio R2h as a function of z2 for 14N (squares), Kr
(circles), and Xe (triangles) with z1 > 0:5 for selection II. The
systematic uncertainty is 4% (3%) for xenon and krypton (nitro-
gen) and is independent of z2. The curves (14N, solid; Kr, dashed;
Xe, dotted) are from the parton energy loss model described in
Refs. [15,22].
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center of the "0 mass peak.

The leading hadron was selected with z1 > 0:5. In this
case, it is expected to contain the struck current quark with
high probability. No explicit constraint was applied to z2.
Both z1 and z2 were calculated assuming that all hadrons
have the mass of the pion.

Using the code of Ref. [18], radiative corrections to R2h
were found to be negligible in the whole kinematic range.
This is because there is no elastic or quasielastic tail in
semi-inclusive events, and the inelastic corrections largely
cancel in the measured ratio.

Two methods of double-hadron event selection were
used. Selection I contains only the combinations of hadron
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0# , 00. This suppresses the contributions from $0 !
"""# decay because the "# and #" combinations are
missing. Moreover, in the Lund string model, the exclusion
of the opposite-charge combinations enhances the rank-1
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higher the particle rank, the more likely it is formed deep
inside the nucleus, and the corresponding hadron absorp-
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charge combinations. Here, the subleading hadron is
mainly of rank 2 and the contribution from $0 decay is
larger. In both selections I and II the relative yield from
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FIG. 1. The ratio R2h as a function of z2 for 14N (squares), Kr
(circles), and Xe (triangles) with z1 > 0:5. Only selection I was
considered. The systematical uncertainty is 2% for all the targets
and is independent of z2. In the upper panel, the curves (solid for
14N, dashed for Kr, dotted for Xe) are calculated within a BUU
transport model [10]. In the bottom panel, the same data are
shown with calculations that assume only absorption for the
three nuclei (same line types as in the upper plot) [10].
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Xe, dotted) are from the parton energy loss model described in
Refs. [15,22].
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resonance excitations and to limit the magnitude of the
radiative corrections, respectively. In addition, the require-
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tromagnetic calorimeter [17] provided neutral pion identi-
fication through the detection of neutral clusters origi-
nating from two-photon decay. Each of the two clusters
was required to have an energy E# $ 0:8 GeV. The "0

mesons were selected by requiring that the reconstructed
invariant mass was within 2 standard deviations of the
center of the "0 mass peak.

The leading hadron was selected with z1 > 0:5. In this
case, it is expected to contain the struck current quark with
high probability. No explicit constraint was applied to z2.
Both z1 and z2 were calculated assuming that all hadrons
have the mass of the pion.

Using the code of Ref. [18], radiative corrections to R2h
were found to be negligible in the whole kinematic range.
This is because there is no elastic or quasielastic tail in
semi-inclusive events, and the inelastic corrections largely
cancel in the measured ratio.

Two methods of double-hadron event selection were
used. Selection I contains only the combinations of hadron
charges (leading-subleading) "" , ## , "0, 0" , #0,
0# , 00. This suppresses the contributions from $0 !
"""# decay because the "# and #" combinations are
missing. Moreover, in the Lund string model, the exclusion
of the opposite-charge combinations enhances the rank-1
(leading) plus rank-3 (subleading) combination [19]. The
higher the particle rank, the more likely it is formed deep
inside the nucleus, and the corresponding hadron absorp-
tion should be larger. Selection II contains all particle
charge combinations. Here, the subleading hadron is
mainly of rank 2 and the contribution from $0 decay is
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Quark kT broadening vs. hadron pT broadening
The kT broadening experienced by a quark is “diluted” in the fragmention process

~pT

~p

~k
~kT

z~kT
~jT

 Verified for pions to 5-10% accuracy for vacuum case, z=0.4-0.7, by Monte Carlo studies  

~pT = z~kT +~jT

hp2T i = hz2k2T i+ hj2T i

�hp2T i = �hz2k2T i+�hj2T i
~0

�hp2T i ⇡ z2�hk2T i

k is the quark momentum,  
p is the hadron momentum



Basic questions at low energies:  

Partonic processes dominate, or hadronic? in which 
kinematic regime? classical or quantum? 

Can identify dominant hadronization mechanisms, 
uniquely? what are the roles of flavor and mass? 

What can we infer about fundamental QCD processes 
by observing the interaction with the nucleus? 

If pT broadening uniquely signals the partonic stage, can use this as 
one tool to answer these questions



zπ

Additional z2 factor converts
quark broadening into hadron broadening
expect to see the red curve in data (vs. z)

String Model production length, 
Biallas and Gyulassy, 

Nucl. Phys. B291 (1987) 793 z2lp = z2 · z
(ln( 1

z2 )� 1 + z2)

1� z2

lp = z
(ln( 1

z2 )� 1 + z2)
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Figure A.6: Logarithm of p-values of Kolmogorov-Smirnov test as a function of energy
shift �E, for three heavy nuclei data in di↵erent nu intervals.

9

Pattern seen as a function 
of increasing ν
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Figure 3: The pion energy spectra for deuterium superimposed on the pion energy spec-
trum from Iron. A bump in the falling spectra is observed in the deuterium data, but not
in the Iron data. The data are normalized to unity for comparison.

6

What happens if ν is too low



398 41. Plots of cross sections and related quantities
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Figure 41.13: Total and elastic cross sections for π±p and π±d (total only) collisions as a function of laboratory beam momentum and total
center-of-mass energy. Corresponding computer-readable data files may be found at http://pdg.lbl.gov/current/xsect/. (Courtesy of the
COMPAS Group, IHEP, Protvino, August 2005)

Hadronic broadening or partonic broadening? 



Energy of π+ (GeV)

Elastic cross section for π+-nucleon

N:Z weighting for carbon, iron, lead
(parameterization of data)

Use the known π-N cross section for a data-driven 
test: is origin of broadening partonic or hadronic? 
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If broadening occurs because of elastic hadronic 
scattering, this 0.3 GeV peak must be visible!



pT2 Broadening vs. Hadron Energy

CLAS preliminary

no enhancement at 0.3 GeV

No visible evidence of 
hadronic elastic scattering? 
Suggests:  

1) formation length is 
very long for these events 

2) broadening is purely 
partonic 

Energy of π+ (GeV)

Elastic cross section for π+-nucleon (mb)

N:Z weighting for carbon, iron, lead

(parameterization of data)

incompatible 
with hadrons



New π0 hadron multiplicity ratios from CLAS 
PhD thesis of Taisiya Mineeva

247

Fig. 7.3: One-dimensional ⇡

0 multiplicity ratios in Q

2, ⌫, z, and p

2

T

bins. The error bars reflect statistical errors only.

246

Fig. 7.2: ⇡

0 multiplicity ratios in (Q2, ⌫, z) set plotted as a function of z in bins of Q2 (indicated by the horizontal Q2 axis)

and ⌫ (indicated by the color). The red color gradient corresponds to the carbon target, the blue - to the iron, and

the black - to the lead target. The inner error bar (color) reflects statistical error in a given bin, while the outer error

bar (black) corresponds to the total error. R

⇡

0 corresponding to the 3.2< ⌫ <3.73 bin are plotted at the center of z

bin, while in other two bins in ⌫ R

⇡

0 are shifted to the left and to the right from the center of z-bin for visualization.

Integrated to 1 dimension

3-fold differential, z dependence vs. ν and Q2



New π0 hadron multiplicity ratios from CLAS, pg 2/2 
PhD thesis of Taisiya Mineeva 245

Fig. 7.1: ⇡

0 multiplicity ratios in (⌫, z, p

2

T

) set plotted as a function of p

2

T

in bins

of ⌫ (indicated at the bottom by the horizontal ⌫ axis) and z (indicated by

the color code in the first box). The bottom panel is carbon multiplicities,

the middle - iron, and the top panel is lead multiplicities. The inner error

bar (color) reflects statistical error in a given bin, while the outer error bar

(black) corresponds to the total error, for which statistical and systematic

uncertainties were added in quadratures. R

⇡

0 corresponding to the 0.5<

z <0.6 bin are plotted at the center of p

2

T

bin, while in all other bins of z the

values R

⇡

0 are horizontally to the left and to the right from the p

2

T

center

for visualization.

3-fold differential, pT dependence vs. ν and z



EMC DATA
• HERMES (27 GeV) and EMC 

(100/280 GeV)

• Curves by Gallmeister and 
Mosel, nucl-th/0701064

• Note: radius (Pb/Cu)2 > 2

• Note: data include protons, 
which were shown to “anti-
attenuate” by HERMES

59

risen to any significant value. On the other hand, for HERMES kinematics
the cross section reaches about 0.5 σH in that same distance. Figs. 1 and 2
together show an amazing sensitivity to the different scenarios for the time–
dependence of the cross section. Going to lower energies than 27 GeV beam
energy (as e.g. with 12 GeV or even with 5 GeV lepton beam energy) results in
events, where all the hadronization happens within the nuclear distances; at
5 GeV beam energy the averaged formation time is ≃ 4 fm at zh ≃ 0.8. In these
cases we loose sensitivity to the pre-hadronic interaction and in particular, to
their time–dependence.

Fig. 3 shows results of our calculations employing the scenario as given by eq. 3.
While not very pronounced, the effect of the non–vanishing, Q2–dependent
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z
h

0.4

0.6

0.8
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1.2
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h M

EMC, 
63

Cu

Hermes, 
84

Kr

Fig. 3. Nuclear modification factor for charged hadrons as in fig. 1. The cross
section evolution-scenario in the calculations is according to eq.(3). Dashed lines
repeat curves from fig. 1 (middle panel).

initial cross section of the leading particles is visible when comparing fig. 3
with the middle panel in fig. 1; a slight improvement in the description can be
seen. The observed smallness of the Q2 dependence is in line with experimental
observations of both the HERMES and the EMC experiment (16; 17). This
scenario (eq. 3) will therefore be the scenario of our choice for the following
considerations.

Fig. 4 shows a comparison of our calculations with the latest experimental
data of the HERMES collaboration with 27 GeV beam energy for identified
hadrons for the four targets 4He, 20Ne, 84Kr and 131Xe. As expected from
fig. 3 for the total hadron yield, the data for pions, that make up most of the
produced hadrons, are described very well by our calculations. In the large zh

region charged pions stem mostly from decays of diffractive rhos. Since these
pions are taken out from the experimental data, we also switch off diffractive

8

→ substantial attenuation expected at EIC for pions from Pb



New: dependence of pT broadening on Feynman x

• Feynman x is the fraction πpL/max{πpL} in the γ*-N CM system

• Separate current (xF>0) and target (xF<0) fragmentation

• First observation that pT broadening originates in both regimes

• xF and zh are partially 
correlated

Pb

CLAS preliminary

z

xF



DIS D-Y RHI Collisions

Comparison of Parton Propagation in   
Three Processes



Experiments
SLAC: 20 GeV e--beam on Be, C, Cu Sn,  PRL 40 (1978) 1624

EMC: 100-200 GeV μ-beam on Cu,  Z.Phys. C52 (1991) 1.

WA21/59: 4-64 GeV ν-beam on Ne,  Z.Phys. C70 (1996) 47.

E665: Fermilab, slow protons in μ-beam on Xe (1990’s)

Drell-Yan: Fermilab E772, E866, 1990’s

HERMES: 27.6 GeV e+(e-) on  He, N, Ne, Kr, Xe; five pub’s

CLAS: 5 GeV e--beam on C, Fe, Pb

FNAL E906 Drell-Yan at 120 GeV (in progress)

JLAB12(near future): 11 GeV e- (CLAS12)

EIC(future) RHIC

LHC Pb-Pb, p-Pb


